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INTRODUCTION

The capacity for homing or site fidelity in mobile
marine species may regulate spatial population struc-
ture and connectivity (Harden Jones 1968, Hastings &
Botsford 2006). The presence of a pelagic larval stage
is often associated with high dispersal potential (Brad-
bury & Snelgrove 2001, Shanks et al. 2003); nonethe-
less, in species with highly mobile adults, straying may
significantly contribute to dispersal (e.g. Hendry et al.
2004, Martin & Wuenschel 2006). Evidence of homing
and spawning site fidelity in marine and estuarine
species has received limited attention, although sev-
eral studies suggest site fidelity and philopatry may

significantly contribute to spatial patterns in marine
species (e.g. Robichaud & Rose 2001, Thorrold et al.
2001, Ruzzante et al. 2006). The majority of studies on
marine dispersal (e.g. Thorrold et al. 2001, Jones et al.
2005) utilize a Eulerian approach, monitoring returns
of individuals at a single or a few locations. Such stud-
ies characterize homing, but generally fail to describe
the extent of movements during the non-measurement
periods, fail to delineate the extent of dispersal and,
thus, fail to distinguish between homing of adults and
invariant small-scale habitat associations. Such a dis-
tinction is critical to the identification of the scales of
habitat association and the successful management
and conservation of marine species.
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spawning locations, and otolith composition was examined using laser ablation inductively coupled
plasma mass spectrometry at 12 to 16 locations across each otolith. Single-element and multivariate
approaches both indicated estuarine residency predominated, with limited marine (0.7%) signatures
indicative of rare marine movements. Multiyear spawning site fidelity was examined through a fin-
clipping (2003, n = 7076) and visual implant elastomer (VIE) experiment (2004, n = 13 524), encom-
passing each of the 6 spawning locations. We observed limited straying, with 90 to 99% annual
spawning site fidelity. Tag returns declined significantly with distance from location of tagging, and
declines were linear over small (<50 km) distances (VIE: p < 0.001, r2 = 0.99; fin clipping: p < 0.001,
r2 = 0.56). We conclude that population structure in anadromous smelt is maintained by small-scale
habitat associations limited to a single estuary, supporting a hypothesis of demographic isolation
among estuaries.
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Tracking adult dispersal trajectories in marine
organisms usually involves either telemetry (e.g.
Robichaud & Rose 2001) or some form of tag (Palumbi
2004, Gillanders 2005). Otolith elemental composition
may provide a natural tag reflecting ambient envir-
onmental chemistry and allowing reconstruction of
dispersal trajectories between habitats differing in
composition (e.g. Campana 1999, Secor & Rooker 2000,
Elsdon & Gillanders 2003). Most commonly, changes in
single-element composition along a growth axis (e.g.
Sr:Ca and Ba:Ca) have been shown to reflect ambient
salinity and allow reconstruction of migration history
in diadromous or estuarine species (e.g. Thorrold et al.
1997, Elsdon & Gillanders 2005a,b, Gillanders 2005).
As such, a positive association between otolith elemen-
tal Sr:Ca and salinity due to increased ambient Sr:Ca
concentrations seems well established (e.g. Secor &
Rooker 2000). Further work suggests a negative rela-
tionship between elemental Ba:Ca concentrations and
salinity (e.g. Thorrold et al. 1997, Elsdon & Gillanders
2005a), which may be equally useful in reconstructing
movements along a salinity gradient. However, re-
gional differences in ambient chemistry can result in
weak single-element gradients among habitats (e.g.
Kraus & Secor 2004); thus, multivariate approaches
may provide increased discriminatory power (e.g.
Campana et al. 1999, Hamer et al. 2005).

Rainbow smelt Osmerus mordax (Mitchill) is a small
pelagic fish found in coastal and freshwater systems
throughout north-eastern North America (Nellbring
1989). Anadromous smelt spawn near the head of the
tide in coastal rivers and streams, and the larvae develop
in downstream estuaries (e.g. Ouellet & Dodson 1985,
Bradbury et al. 2004, 2006a). Prior work suggests signif-
icant contributions of behaviour to early life-history
patterns in the form of synchronized hatching (Bradbury
et al. 2004) and active estuarine retention of larvae
(Laprise & Dodson 1989, Bradbury et al. 2006a). Limited
small-scale tagging studies suggest high rates of annual
fidelity to spawning locations (95%) and increased
straying among spawning locations within a local estu-
ary (McKenzie 1964). Nonetheless, non-reproductive
movements of 100 to 300 km have been measured within
the St. Lawrence estuary (Magnin & Beaulieu 1965) and
indicate potential broad-scale straying.

The overall goal of this work was to elucidate the role
of adult movements’ in the maintenance of smelt popu-
lation structure. The specific objectives were (1) to re-
construct adult movements between the local estuary
and the coastal ocean using otolith elemental composi-
tion to reconstruct movements, (2) to examine annual
spawning fidelity to spawning locations over a 2 yr
period using tagging of adults, and finally (3) to com-
pare estimates of movement from otolith-based and
tag-based approaches. Although each component (e.g.

otolith microchemistry, adult tagging) was designed
and implemented independently, this novel pairing of
otolith-based reconstructions with Eulerian-based tag-
ging experiments provides a uniquely comprehensive
description of adult movements and dispersal.

MATERIALS AND METHODS

Study locations. The study area encompassed 2
large coastal embayments (Placentia and St. Mary’s
Bays). Local hydrography is dominated by a counter-
clockwise flow generated from an inshore branch of
the Labrador Current, which enters both bays to the
east and exists at the western boundary (see Bradbury
et al. 2000 for details). Smelt Osmerus mordax spawn-
ing locations throughout Placentia and St. Mary’s Bays
were identified through visual surveys and interviews
with local residents. Smelt spawning migrations be-
gin in mid-April and continue until late June across
the study area. Six spawning locations were chosen
(Fig. 1), 5 in St. Mary’s Bay and 1 in Placentia Bay.
These spawning locations differed significantly in es-
tuarine structure, from that of an inland fjord open to
the coast for only weeks at a time (i.e. Holyrood Pond)
to barred estuaries with continuous access (i.e. Biscay
Bay and Southeast Placentia) to open non-restricted
estuaries (i.e. Salmonier and Colinet). Fish were ob-
tained using dip or fyke nets during the spawning peri-
ods in 2003 to 2005. Samples for otolith chemistry were
primarily 3 yr old fish, with the exception those from
Holyrood Pond, where spawning fish were all 2 yr old.
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Otolith collection and handling. Sagittal otoliths
were extracted from 10 randomly selected spawning
adults from each of the 6 spawning locations. To allow
assignment of microchemical signatures to specific
habitat types, otolith baseline samples were also col-
lected from a variety of salinity regimes. The choice of
baseline salinities was made using previous measures
of salinity in each of the spawning freshwater (0 ±
0.00 psu), estuarine (7.6 ± 7.39 psu) and marine
habitats (30.4 ± 0.60 psu) (authors’ unpubl. data).
Freshwater otolith chemistry baseline data were ac-
quired using otoliths from smelt inhabiting 3 fresh-
water ponds distributed across the study range (Fig. 1).
Given the difficulty in adequately characterizing the
estuarine baseline due to the dynamic nature of estuar-
ine hydrography, the estuarine baseline was chosen to
represent the upper range of salinities encountered in
estuaries across the study area. The estuarine otolith
baseline sample was obtained from juveniles sampled
at North Harbour Placentia Bay (October 2004), which
is characterized by an average salinity of ~22 psu. A
marine otolith baseline was obtained from fish held at
the Ocean Sciences Center for 1 yr (2003 to 2004) in
ambient seawater (i.e. 32 psu). In all baseline sam-
ples, 10 individuals were analyzed. All otoliths were
cleaned using Super Q water and stored in acid-
washed polypropylene vials. Otoliths were embedded
in epoxy and sectioned to a width of 400 µm using
an Isomet saw. Sections were imaged, aged, and
the width of each consecutive annulus was measured
using ImagePro software. Annulus widths were com-
pared among habitats using fixed-variable analysis of
variance (ANOVA) to detect regional differences in
growth. In individuals where the first annulus was
unclear, the approximate width of the first annulus was
confirmed using a sample of 1 yr old fish taken from
Biscay Bay estuary in June 2004.

Microchemical analysis. Otolith elemental composi-
tion was measured using laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). All
assays were conducted at WRL laboratories at
Arkansas State University (for further information see
Coghlan et al. 2007). A CETAC LSX500 (260 nm) laser
coupled to a Perkin-Elmer SCIEX DRCII Dynamic
Reaction Cell ICP-MS was used to ablate otoliths
under consistent operating parameters (20 Hz, 600
shots, 100% energy). Instrument gas flow and lens
voltage were adjusted each day to maximize instru-
ment sensitivity and performance (i.e. maximizing
element detection while minimizing count variability),
and gas blanks (Ar) were run prior to each acquisition.
All assays were done with a 25 µm spot size, but, as
preliminary analysis indicated a large amount of small-
scale heterogeneity in otolith composition, 3 replicates
were taken per sample along a growth zone. Using the

Digi-Laz software, 2 samples were taken equally
spaced across the growth axis in each summer and
winter band along a path chosen to be free of abnor-
malities (e.g. fractures), which may influence analysis.
In the estuarine and marine baseline samples, only the
edge of the otolith was assayed, as this was the region
of the otolith associated with the habitat of interest. As
the various baselines examined were of different
developmental stages, the presence of any ontogenetic
variation was examined in the freshwater baseline.
Assays were conducted along the growth axis at the
core, middle (equidistant between the edge and core)
and edge (3 replicates of each) to examine ontogenetic
variation under constant salinity.

A standard reference material, micro-analytical
carbonate standard 1 (MACS-1, United States Geo-
logical Survey), was used to calibrate and control for
drift every 5 to 9 samples. Concentration of analytes
was determined by 1-point calibration using FEBS-1
(CRM, otolith). Analysis revealed many detectable
elements, but 86Sr and 136Ba were chosen as previous
work (Secor & Rooker 2000, Gillanders 2005) suggests
direct linkages to ambient concentrations. We used
Geo-Pro software (Cetac Technologies) to integrate
ICPMS data and estimate corresponding concentra-
tions of Sr, Ba, 42Ca and 43Ca. Calibration was based
on external standardization with internal calibration.
42Ca was used as an internal standard and is 38% by
weight in MACS-1 and otoliths, and we measured
43Ca to estimate total Ca. Accuracy was determined
using comparison to MACS-1, with measured values
being within 5% of those known, and precision was
measured through replicate analysis with repeated
measures being between 2 and 3% relative SD. The
limit of detection was estimated as 3-fold the standard
deviation for 7 blank replicates for each of the
analytes. Limits of detection for each element were
as follows — Sr: 12.13 ppm; Ba: 37.62 ppb; and Ca:
102 ppm. Data analysis followed Campana (2005). To
control for the amount of ablated material, all concen-
trations were expressed in comparison to 43Ca. Ele-
mental ratios >2-fold the standard deviation from the
global mean were removed from further analysis as
they likely represent contamination.

To assign samples as 1 of the 3 baselines (freshwater,
estuarine, marine) 2 approaches were used. First,
unknown sample to baseline comparisons were made
using Sr:Ca and Ba:Ca and the averages for the various
baseline (i.e. known salinity) groups. Transects across
the otolith for each individual were plotted in compar-
ison to baseline data. Second, we used a linear discrim-
inant function analysis (DFA) using Sr:Ca and Ba:Ca to
assign unknown samples to a baseline group. For DFA,
multivariate assumptions such as data normality and
the presence of outliers were examined using fre-
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quency histograms; transformation was not required.
The presence of otolith baseline differences among
salinity regimes was examined for each element using
fixed-variable ANOVA prior to DFA, to ensure differ-
ences were sufficient to allow discrimination. Differ-
ences within individual otoliths in single elements and
DFA scores were examined using repeated-measures
ANOVA (SYSTAT V.11). Furthermore, to examine any
influence of ontogeny on DFA-based assignment, the
freshwater baseline for the DFA was established using
the core, middle and edge portions separately, and the
remaining otolith regions were treated as unknowns
and assigned as above.

To validate the interpretation of otolith composition
reflecting ambient concentrations, a 50 ml water
sample was collected from each of the baseline habi-
tats, spawning locations, estuaries and associated
marine habitats, and subsequently analyzed for ele-
mental composition. All samples were collected from 1
m below the surface in the summer and fall of 2004,
and temperature and salinity were recorded using a
YSI 30. Water samples were acidified with ultrapure
nitric acid, and subsequently analyzed for trace
element concentrations. Samples were analyzed by
inductively coupled plasma emission spectrometry
(ICP-ES) (Varian Vista Pro) and inductively coupled
plasma mass spectrometry (ICP-MS) (Thermo X-
Series). The methods have been adapted from EPA
Method 200.7 (ICP-ES) and EPA Method 200.8 (ICP-
MS). Multi-element calibration standards were pre-
pared from 1000 mg l–1 reference solutions, and origi-
nal stocks are NIST-Traceable.

Tagging experiments. Two tagging experiments
were conducted during the spawning periods, in 2003
and 2004, with recoveries in subsequent years. In 2003,
7076 fish were tagged by fin clipping (following
McKenzie 1964) at each of the 6 spawning locations.
As some fin re-growth is expected, fin clipping in-

volved the complete removal of pelvic or pectoral fins
(McKenzie 1964), the combination of which allowed for
site-specific tags. Recoveries were made through
visual examination in 2004 at each of the tagging loca-
tions during the annual spawning season (Table 1).
Mortality of smelt associated with fin clipping has been
estimated at <5%, and re-growth of the fin is assumed
to be negligible over the time period of interest
(McKenzie 1964). Though not examined, the presence
of false positives in the fin-clipping experiment was
assumed negligible, as natural fin loss was easily dif-
ferentiated in the field from complete removal.

In 2004, 13 524 smelt were tagged using visual
implant elastomer (VIE), and recoveries were again
made the following year (i.e. 2005) at each of the tag
locations, as well as at the additional spawning site
within Holyrood Pond (i.e. Path End). VIE tagging
was accomplished through the injection of a 1 cm line
of elastomer into the adipose tissue located behind
the eye. Three colours and alternating sides of
head allowed for spawning-site differentiation. VIE
tag retention and mortality was estimated using 100
smelt tagged at Salmonier River and held at the
Ocean Sciences Center of Memorial University New-
foundland from May 28, 2004 to May 12, 2005. Fish
were held in 1 m3 tanks, fed to satiation, and kept at
ambient seawater temperature. Both tag loss and tag
mortality was <5% over 1 yr in captivity and support
the utility of this approach in tagging smelt. To assess
tag loss in non-laboratory environments, fish at 1
location (i.e. North Harbour, St. Mary’s Bay) were
double tagged (i.e. on both sides of the head) and
subsequent recoveries allowed estimates of tag loss.
Although tag loss through differential mortality of
tagged fish has been noted elsewhere (Catalano et al.
2001), it seems uncommon in mature fish and any
effect would likely be minimal (e.g. Roberts & Kil-
patrick 2004).
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Location Fin clipping Tagging
No. fin clipped Examined Total No. tagged with Examined Total

(2003) (2004) recaptured VIE (2004) (2005) recaptured

St. Mary’s Bay
Salmonier River 1942 4157 53 5049 8864 457
Colinet River 1578 4107 90 4069 7733 321
North Harbour 479 358 13 534 655 40
Holyrood Pond 930 1000 0 1523 9199 28
Biscay Bay 850 550 6 560 295 0

Placentia Bay
Southeast Placentia 1297 1449 16 1789 1958 180
Totals 7076 10 621 178 13 524 28 704 1026

Table 1. Numbers of smelt Osmerus mordax tagged using fin clipping (2003) and visual implant elastomer (VIE, 2004) and 
examined for tags (2004 to 2005). See ‘Materials and methods’ for experiment details
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RESULTS

Otolith elemental composition

Ambient water concentrations of Ba:Ca and Sr:Ca
differed among each of the baseline treatments (i.e.
freshwater, estuarine, marine; Fig. 2). Sr:Ca displayed
a positive association, and Ba:Ca a significant negative
association with salinity (Fig. 2). The composition of
baseline water samples corresponded with the aver-
ages of water samples taken from each of the river,
estuarine and marine habitats sampled for smelt, sup-
porting the representative nature of these baseline
samples (Fig. 2). Moreover, positive associations were
observed among baseline otolith samples and ambient
water concentrations (Sr: p < 0.001, R2 = 0.86, df = 4;
Ba: p < 0.001, R2 = 0.93, df = 4; Fig. 3a,b). Single-
element ANOVAs suggested significant differences
among baselines (Sr:Ca: p < 0.001, df = 113; Ba:Ca: p <
0.001, df = 113). DFA of baseline samples produced a
single axis (DFA1), which allowed 97% correct assign-
ment of samples (Fig. 3c). The majority (86%) of DFA1
scores for the marine baseline were less than –4, which

was subsequently used as a conservative transition
between estuary and marine residency.

Single-element trends in Sr:Ca and Ba:Ca ratios
across the otoliths at each of the 6 spawning locations
generally displayed concentrations indicative of est-
uarine baseline levels (Sr:Ca and Ba:Ca; Figs. 4 & 5,
respectively). At all spawning locations, values of Sr:
Ca and Ba:Ca varied significantly across otoliths (re-
peated-measures ANOVA: Sr: p = 0.003, df = 13; Ba:
p < 0.001, df = 13). Furthermore, differences among
various estuarine habitats seem associated with local
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Fig. 5. Transects of Ba:Ca across rainbow smelt Osmerus mordax otoliths from 6 locations (a to f) throughout south-eastern
Newfoundland. Horizontal lines: threshold values for a greater probability of being assigned to a given habitat, i.e. the mean of
a habitat (±SD); solid line: average marine value (–SD); dotted line: average freshwater baseline (+SD); shaded bars: winter
portions of each otolith. See Fig. 2 for further otolith baseline data (e.g. estuarine baseline) and Fig. 1 for sample locations. Each 

transect (i.e. symbol type) represents the average values across replicates (n = 3) of a single individual
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estuarine structure. The partially landlocked anadro-
mous sample (i.e. Holyrood Pond) displayed very little
variation among individuals, and was consistently fur-
thest from the marine signature (Figs. 4 & 5). Estuaries
with no sand bar (i.e. Salmonier, Colinet) displayed
more individual variation, yet values were generally
consistent across the otoliths. In contrast, the 2 loca-
tions characterized by sand bars dividing the estuary
into low- and high-salinity regimes (Biscay Bay and
Southeast Placentia) displayed much greater variation
among individuals and across a given otolith transect
(Figs. 4 & 5).

Assignment of unknown samples based on the DFA
analysis identified the majority of samples as estuarine
(~90%), with 10% freshwater assignment, and <1%
marine (Table 2, Fig. 6) and was consistent with single-
element trends. Most of the freshwater assignments
were associated with the landlocked site, Holyrood
Pond (Table 2). Only Biscay Bay and North Harbour
(both barred estuaries) possessed any positive assign-
ments for a marine signature, with a total of 3 individu-
als being assigned to the marine baseline. As observed
above in the single-element data, DFA axis values
significantly varied across otoliths (repeated-measures
ANOVA, p = 0.004, df = 13). Again Holyrood Pond
showed little variation among individuals or across
transects. Moreover, barred estuaries displayed much
greater variation than open estuaries both among
individuals and along each otolith transect (Fig. 6).

Potential biases of otolith elemental composition
associated with site-specific growth rate or ontogeny
were evaluated in several ways. First, we assessed
growth rate differences across all spawning locations
through a comparison of annulus width. We observed
no significant differences across the study area in
growth in Year 1 using ANOVA and the width of each
annulus (p = 0.13, df = 60), in Year 2 (p = 0.12, df = 60),
or in Year 3 (p = 0.40, df = 50). Second, repeated-

measures ANOVA comparing the core, middle and
edge of the freshwater baseline otoliths (i.e. freshwater
ponds with no sea access) indicated consistent dif-
ferences in both Sr:Ca (p = 0.035, df = 2) and Ba:Ca
(p < 0.000, df = 2), with ontogeny in all freshwater habi-
tats. However, we repeated the DFA analysis above
using the core, middle, or edge of the freshwater base-
line and assigning the remaining otolith regions as
freshwater, estuarine, or marine. We observed com-
plete (100%) agreement among assignments irrespec-
tive of which otolith region constituted the freshwater
baseline. Finally, a comparison of DFA1 between the
first year and subsequent years at the partially land-
locked anadromous location (i.e. Holyrood Pond) sug-
gests no significant difference in assignment due to
ontogenetic differences in growth rate or development
(ANOVA, p = 0.53).

Tagging experiments

The number of fish tagged ranged from 7076 fish fin
clipped in 2003 to 13 524 fish tagged with VIE in 2004.
The proportion of double VIE-tagged returns to the
North Harbour site was ~92%, suggesting a similar tag
retention to that observed in the laboratory experi-
ment. In both recovery years (2004 and 2005), most
returns were at the location of tagging (Fig. 7). The
only exception was in 2005, when a significant portion
of strays were detected between the 2 spawning loca-
tions within Holyrood Pond (i.e. Path End and Holy-
rood Pond Park; Fig. 8). The proportion of straying was
higher with the fin-clipping (~10%) experiment than
with VIE (~1%). In both experiments, the proportion of
returns declined significantly with distance from tag-
ging location (Fig. 7). In the fin-clipping experiment a
significant geographic decline was observed at scales
<30 km; however, significant straying was observed up
to scales of 140 km. In contrast, the maximum straying
detected with the VIE experiment was 26 km (Fig. 7).

Temporal trends in the distribution of returns could
bias recoveries to lower values if surveys missed return-
ing fish. We observed continual seasonal declines in re-
turns in 2004, consistent with an age-structured spawn-
ing season (Fig. 8). This did not appear to be related to
the abundance available for sampling, as numbers ob-
served seemed unrelated to day of capture. However,
we did observe declines in fork length at 3 spawning lo-
cations where fish were measured, suggestive of a sea-
sonal decline in age of spawners. Mean size at the start
was, on average, 210 mm and declined to ~180 mm by
the end of the season. However, as this was explored in
2004, and a decrease in returns over long distances was
detected in 2004, this does not explain the difference
among years.
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Location Total No. assigned
samples Fresh- Estuarine Marine

water

Biscay Bay 121 3 (2.5%) 115 (95%) 3 (2.5%)
Salmonier River 103 10 (9.7%) 93 (90.3%) 0 (0%)
Colinet River 132 16 (12.1%) 116 (87.9%) 0 (0%)
North Harbour 80 7 (8.8%) 72 (90%) 1 (1.2%)
Holyrood Pond 67 26 (38.8%) 41 (61.2%) 0 (0%)
SE Placentia 108 6 (5.6%) 102 (94.4%) 0 (0%)

Table 2. Results of discriminant function analysis (DFA) and
assignments of unknown migration history samples based on
freshwater, estuarine, or marine baselines. See ‘Materials and
methods’ for assay and baseline details. Numbers represent
the number of individual assays assigned, and values in 

parentheses represent the percent classification
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Fig. 6. Transects of the first axis of the discriminant function analysis (DFA1) across rainbow smelt Osmerus mordax otoliths from
6 locations (a to f) throughout south-eastern Newfoundland. Horizontal lines: threshold values for a greater probability of being
assigned to a given habitat, i.e. the mean of a habitat (±SD); solid line: average marine value (–SD); dotted line: average
freshwater baseline (+SD); shaded bars: winter portions of each otolith. See Fig. 2 for further otolith baseline data (e.g. estuarine 

baseline) and Fig. 1 for sample locations
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DISCUSSION

Metapopulation dynamics in highly mobile marine
animals are partly dependent on adult spatial ecology
and the capacities for homing and philopatry (Palumbi
2004). Despite the potential for large-scale movements
(e.g. Magnin & Beaulieu 1965), we observed high rates
of spawning-site fidelity and estuarine-restricted dis-
persal in anadromous rainbow smelt Osmerus mordax
consistent with the formation of localized discrete pop-
ulations. The observed levels of high population isola-
tion seem on par with anadromous salmonids, but are
unexpected for estuarine and marine organisms. Our
results are consistent with previous work on the
genetic structure (Bradbury et al. 2008) and morpho-
logical divergence (Bradbury et al. 2006b) within these

populations. As such, this work supports a hypothesis
of estuarine-scale isolation in rainbow smelt and the
utility of combining traditional Eulerian tagging
studies with otolith-based habitat reconstructions in
studies of marine fish spatial dynamics.
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The otolith elemental composition data support the
classification of rainbow smelt as an obligate estuarine
species (Able 2005). Assignments using the DFA and
salinity baselines suggested movements into coastal
marine environments (<1%) or freshwater (~11%)
were rare. As such, the majority of growth zones ana-
lyzed across adult otoliths indicated an estuarine habi-
tat signature and reinforced evidence of the impor-
tance of estuarine habitat throughout the life history of
anadromous rainbow smelt. The lack of marine signa-
tures is consistent with discrete populations function-
ing on the scale of the local estuary. Admittedly, since
discrimination between estuarine and marine elemen-
tal signatures was 87%, there remains the potential
that a small proportion of assays may have been mis-
classified. This seems unlikely in all but the habitats
with elemental signatures most similar to a marine
signature (i.e. Biscay Bay and North Harbour). Overall,
trends are consistent with estuarine habitat associa-
tions and restricted movements.

The use of otolith elemental composition as a mea-
sure of ambient salinity and in tracking migrations in
diadromous fishes is longstanding (Secor et al. 1995,
Limburg 2001, Lamson et al. 2006). We observed sig-
nificant associations between baseline ambient water
and otolith elemental composition (Sr:Ca and Ba:Ca)
consistent with the otolith composition reflecting
salinity regimes. Admittedly, temperature may also
affect otolith Sr:Ca, although laboratory experiments
suggest the effect due to diadromy is generally an
order of magnitude greater than typical temperature
influences (e.g. Campana 1999). Interestingly, Ba:Ca
also proved useful in discriminating salinity regimes,
as has recently been demonstrated by Elsdon & Gill-
anders (2005a) in black bream Acanthopagrus butch-
eri. As such, it seems multi-element signatures may
provide greater resolution than single-element ap-
proaches, and may be especially useful where ele-
mental gradients are reduced. Potential examples
include instances where regional variation in water
Sr:Ca reduces differentiation between freshwater and
marine environments (e.g. Kraus & Secor 2004), or in
cases, such as the present study, where reconstruc-
tions of transitions between estuaries and coastal
waters are of interest.

The utility of otolith elemental composition to
reconstruct salinity exposure history depends directly
on their reflection of ambient water chemistry and
their independence from ontogenetic or physiological
processes (Campana 1999). Although it appears the
otolith baseline reflects the ambient water composi-
tion (see above), we assume our water samples are
representative of stable differences between habitats.
This seems reasonable given the large differences in
salinity among habitats and the observation that these

differences are consistent with river, estuarine and
marine water samples taken at another time point, as
well as the association between baseline water and
otolith composition, supports this assumption. In addi-
tion, we also assume ontogenetic biases do not influ-
ence our assignments. Several studies have docu-
mented ontogenetic influences on otolith chemistry
(e.g. Toole et al. 1993, Fowler et al. 1995), and com-
parisons across differing life stages require explo-
ration of these potential biases (Elsdon & Gillanders
2005a,b). We observed significant differences in Sr:Ca
and Ba:Ca within otoliths in all 3 of the freshwater
baseline samples. However, the presence of any onto-
genetic bias did not seem to affect our assignment
success, as all freshwater ontogenetic stages were
consistently successfully assigned. Admittedly, a simi-
lar comparison could be done with a marine baseline
to confirm these trends hold irrespective of salinity
regime, and we assume that the magnitude of the
response would be similar, and, as such, the effect on
assignment would be negligible. The validity of this
assumption will require future evaluation.

A further limitation is associated with the size of the
assay spot in relation to the exposure time of water
with differing salinity (e.g. Elsdon & Gillanders
2005c), and the potential for resolving limited move-
ments among habitats, which may occur on fine tem-
poral scales. We estimate the 25 µm spot size corre-
sponds to 3–4 wk of growth on average, and, as such,
it is possible that individuals could move between
estuaries in time periods below detection limits result-
ing in an estuarine signature. Using simple mixing
equations (e.g. Stewart et al. 2006), we estimate that
exposure times of 9 to 12 d would have been required
to generate a marine signature in a fish moving from
the estuary into coastal habitats. Movements of this
scale are certainly possible for adult smelt, and, as
such, this likely represents the limit of our ability to
detect marine residency. An obvious future direction
would be to characterize the composition of juvenile
otoliths in each of these estuaries and subsequently
compare them with the juvenile portion of spawning
adult otoliths of the same cohorts 2 to 3 yr later. If
adequate spatial differences were observed over
these small scales, this would give a clear estimate of
mixing rates among local estuaries and allow direct
comparison with our estimate of marine excursions
here.

Our tagging experiments corroborate the otolith
elemental results and suggest high levels of multi-year
spawning-site fidelity. Observed levels of site fidelity
were between 90 and 99% and were consistent with
previous homing rates observed in smelt (McKenzie
1964) and other anadromous salmonids (Hendry et al.
2004). The low rates of straying (<10%) indicate rela-
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tively low connectivity among estuaries in coastal
Newfoundland over small spatial scales (~30 km). In
light of the low number of marine assignments, it
seems plausible that few individuals leave local estuar-
ies. Based on the size at age of fish used for elemental
analysis, this seasonal drop in average size from 21 to
~19 cm would seem to correspond to a decline in age of
1 to 2 yr.

The differences between tagging experiments at
larger scales was unexpected. Over short distances,
both tagging experiments (fin clipping and VIE)
resulted in similar declines with distance. However,
straying distances in the fin-clipping experiment far
exceeded those in the VIE experiment. Nonetheless,
movements on par with those observed with the fin-
clipping experiment have been observed in smelt
elsewhere, though usually within a single estuary (e.g.
McKenzie 1964, Bernatchez & Martin 1996). Without a
direct comparison, it is impossible to comment on the
differences between experiments, as they could be
related to increased stress of the fin clipping or annual
variation in straying rates. However, genetic evidence
suggests significant genetic differentiation among
these spawning locations (FST ≈ 0.06) over scales of 50
to 100 km (Bradbury et al. 2006b). As such, common
long-distance straying at the levels indicated by the
fin-clipping experiment seems unlikely, unless there is
strong selection against immigrants (i.e. Nosil & Crespi
2004). Moreover, the otolith elemental data are consis-
tent with the VIE experiment and straying rates of
~1%, though given the smaller sample sizes the power
of the otolith data to resolve straying is likely lower
than that obtained with tagging approaches. Why the
fin-clipping returns suggest significantly increased
straying remains unclear. Though it is possible that we
are not resolving straying with the otolith element data
(see above for discussion) if it occurs in short periods or
between neighbouring estuaries (i.e. stepping stone
dispersal), it seems likely that straying between bays
as suggested by fin-clipping returns over distances of
100s of kilometres would result in >0.7% marine
signatures.

High rates of annual returns to isolated estuaries (as
indicated by tagging studies) suggest either increased
rates of homing associated with discrete estuaries or
movements restricted to a single estuary. The otolith
elemental data suggest few fish leave the estuary
(0.7% marine signatures) and support a hypothesis of
restricted movements rather than broad-scale straying
and subsequent homing to spawn. A hypothesis of
restricted movement is consistent with fall beach
seine surveys in the area (2004, 2005, 2007), which
suggest fall and winter occupancy of juvenile and
adult smelt in low salinity (<5 ppt) waters (Bradbury
et al. 2006b, I. R. Bradbury unpubl. data). Previous

work on smelt straying supports the observation that
straying may be limited and largely confined to within
estuaries. McKenzie (1964) observed low rates of
straying (<5%) among spawning locations in the
Miramichi, with no straying outside the estuary. In
contrast, Murawski et al. (1980) observed significant
mixing indicative of a homogenous spawning popu-
lation and movements among spawning locations
within a season in populations within a single estuary
at scales of <16 km. Similarly, Rupp (1968) noted
significant mixing at the time of spawning among
spawning locations within a freshwater system at
scales of 6 to 7 km. Despite the suggestion of limited
movement, work in the St. Lawrence estuary suggests
average displacement rates of 150 km, with some as
far as 300 km, and a daily displacement of 42 km d–1

(Magnin & Beaulieu 1965). The highest levels of stray-
ing were observed among spawning locations within
the Holyrood Pond estuary. Here, homing rates to
smelt spawning brooks that shared an estuary were
~60%. Our results support the hypothesis that homing
behaviour may be less than observed in salmonids,
and smelt populations seem largely structured at the
estuarine scale.

In anadromous salmonids that display high rates of
homing and annual spawning-site fidelity, imprinting
during the early life history may allow for returns in
subsequent years (e.g. Quinn et al. 2006). As such,
homing rates among salmonid species seem to decline
with decreased freshwater residency (Hendry et al.
2004). It seems reasonable to hypothesize that homing
potential in smelt is limited due to restricted imprint-
ing potential, as larvae are usually transported from
the spawning river at hatch (e.g. Bradbury et al.
2004). Indeed, in marine and estuarine fishes with
pelagic larvae the potential for imprinting and subse-
quent homing seems less clear though a few exam-
ples exist. Thorrold et al. (2001) estimated natal hom-
ing rates of 60 to 70% in weakfish populations
throughout the eastern United States. Robichaud &
Rose (2001) estimated annual spawning-site fidelity of
Atlantic cod might be as high as 50% within coastal
populations. Ruzzante et al. (2006) examined genetic
structure in herring populations in the eastern
Atlantic and suggested that despite extensive mixing,
natal homing may significantly contribute to intra-
specific diversity. In all cases, individuals were
observed to have vacated local estuaries or adult
habitats and returned, and the mechanism is clearly
spatial homing. The present work illustrates how a
combination of multiple tagging approaches (both
natural and artificial) may allow the scale of spatial
movements to be resolved and true homing behaviour
to be differentiated from permanent residency and
spawning-site fidelity.
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SUMMARY

Through a novel combination of Eulerian-based
tagging experiments and otolith chemistry-based dis-
persal reconstructions, we delineate spawning-site
fidelity and the extent of non-reproductive movements
in a common estuarine fish. We suggest that home
ranges for anadromous smelt in coastal Newfoundland
seem to be restricted to local estuaries and that smelt
metapopulations within Newfoundland are character-
ized by low connectivity. It seems likely that smelt may
be classified as obligate estuarine fish, as suggested by
Able (2005), and, as such, the fate of smelt populations
may be directly tied to the stability of coastal estuaries,
which are increasingly under anthropogenic stresses.
We suggest that smelt populations may be unexpect-
edly susceptible to disturbance in light of the low
probability of recovery and recolonization at distances
>50 to 100 km.
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